Density functional theory (DFT) periodic calculations were performed to study the geometrical and electronic structures of energetic cocrystal NTO/TZTN under pressures ranging from 0 to 80 GPa. contributes to the increase of interaction force gradually. At 4 GPa, a new hydrogen bond O3/H5 is formed. At 8 GPa, the formation of eight membered rings is because of the existence of a covalent bond O1-H3 between two NTO molecules. In addition, a covalent interaction is formed between N2 and H4 atoms with the biggest H-bond energy compared to the others. As the pressure reaches 23 GPa, another new hydrogen bond forms between N8 and H5 atoms, which contributes to the formation of a five membered ring between NTO and TZTN. The electrons can move freely according to the results of the density of states between the valence and conduction bands when the pressure is high. This work will provide useful information in understanding the high-pressure effect on the structural transformation.
Introduction
High energetic nitrogen-rich compounds have received a substantial amount of interest due to their merits, such as low vapor pressures, favorable insensitivity, excellent explosive performance, and environmental acceptability. [1] [2] [3] [4] On account of pursuing high energy and safe explosives, many scientists have paid considerable attention to compounds' design and synthesis over several decades. [5] [6] [7] As is known, due to the inherent power-safety contradiction, it is still a challenging task to achieve a ne balance between high detonation properties and low sensitivity.
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Recently, an ideal method in terms of obtaining explosives with excellent comprehensive performance by cocrystallizing energetic compounds was reported. [11] [12] [13] [14] The thermal properties of HMX (1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane) were changed by Landenberger et al. by cocrystallizing with seven nonenergetic compounds. 15 Pei et al. prepared the cocrystal HMX/TATB which featured good thermal stability and insensitivity to impact, in comparison to HMX. 16 Huang et al. modied the structure and properties of cocrystal explosive of HNIW and BTF (benzotrifuroxan). 17 Matzger et al. reduced the impact sensitivity of HNIW (2,4,6,8,10,12-hexanitrohexaazaisowurtzitane) via the incorporation of TNT with the same molar ratio. 18 The physicochemical properties of HNIW was adapted by Millar et al. through the formation of cocrystals with several solvents. 19 Bolton et al. explored a cocrystal HNIW/HMX with high explosive power and good mechanical sensitivity in 2 : 1 molar ratio. 20 Due to completely different packing model of energetic compounds, cocrystallization offers an alteration of properties including density, impact sensitivity, and explosive performance, which help to obtain explosives with better comprehensive performance. This provides an opportunity to modify the physico-chemical properties of existing explosive and prepare superior cocrystal with better integrated properties at the molecular level.
In 1905, a nitrogen-rich explosive, named 3-nitro-1,2,4-triazol-5-one (NTO), was synthesized for the rst time, with sensitivity comparable to that of 1,3,5-triamino-2,4,6-trinitro benzene (TATB), while the performance are as same as that of RDX. However, it is a dibasic acid explosive, which limits its further applications. [21] [22] [23] For the sake of decreasing the acidity of NTO, Zhang et al. cocrystallized NTO with 5,6,7,8-tetrahydrotetrazolo [1,5-b] [1, 2, 4] -triazine (TZTN), which demonstrated that the cocrystal contributed to the enhancement of thermal stability and became less sensitive to impact, compared with the TZTN. 24 Chen et al. conducted a research about the cocrystal NTO/TZTN with the application of GGA/PBE method and analyzed its structural, mechanical, and thermodynamic properties and impact sensitivity. 25 As a complex chemical behavior, it is challengeable to investigate the microscopic properties of energetic crystals. At the same time, the research of high pressure behavior of energetic crystals plays a signicant role in experimental measurements. Theoretical calculation is an effective way to model the properties of energetic crystals in physical and chemical elds in comparison to the experimental work. [26] [27] [28] [29] Deep research on the behavior of cocrystal NTO/TZTN under high pressures is of vital importance for the understanding of its chemical reactivity, detonation process, structural stabilities, and sensitivity. However, the cocrystal experiments mainly focus on the preparation, characterization, and performance test as well as the evaluation of impact sensitivities. [30] [31] [32] [33] Fewer research focused on the relationship between structure and properties under high pressures. According to the application of density functional theory method with pseudopotentials and a planewave of basis set, the investigation of the structures and properties of energetic crystals has been successfully performed under hydrostatic compression. 34 Sorescu et al. predicted the crystallographic lattice parameters of representative molecular explosive crystals by DFT-D as implemented in a pseudopotential plane-wave code under the ambient and high pressure conditions, 35 which shown that the cell parameters were obtained with an accuracy less 2% in comparison to the experimental values at ambient pressures, and also can be predicted accurately at high pressures. Hu et al. calculated the elastic stability of b-Ti at various pressures by the rst-principles plane-wave pseudopotential method. 36 It is found that, the pseudopotential results are the same as and ideally close to all-electron full-potential augmented plane-wave calculations under low and high pressure, respectively. Currently, the rst principle periodic calculations were performed to study the crystal, molecular, and electronic structures of cocrystal NTO/TZTN. The high pressure behavior of cocrystal NTO/TZTN were investigated in the range of 0-80 GPa.
Computational methods
The rst-principle calculations were performed by the application of DFT method with the combination of Vanderbilt- 
Espinosa et al. introduced eqn (2) which was used for obtaining of the relationship between H-bond energy (E H ) and V BCP :
Results and discussion
Seven different functionals, local density approximation (LDA) and generalized gradient approximation (GGA), as a test, were applied to the computation of cocrystal NTO/TZTN. To benchmark the performance of theoretical approach, LDA/CA-PZ, GGA/PBE (Perdew-Burke-Ernzerhof),
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GGA/PW91(Perdew- Fig. 1 Crystal structures of NTO, TZTN and NTO/TZTN cocrystal.
Wang-91) 44 and dispersion corrections were selected to fully relax the cocrystal NTO/TZTN without any constraint at ambient pressure. The experimental and relaxed cell parameters of cocrystal NTO/TZTN are listed by Table 1 . The relative errors of the calculated values to the experimental ones indicate that the calculated values of GGA/PW91-OBS is much closer to the experimental ones than the others. The GGA/PW91-OBS method is more suitable for studying cocrystal NTO/TZTN, which is different from the previous studies in term of energetic crystals 45, 46 show that more reliable lattice parameters could be produced by the LDA functional than the GGA. Therefore, GGA/PW91-OBS method has been employed in the present study.
Crystal structure
In general, intermolecular interactions, with the feature of weakness, are easy to compress in comparison with chemical bonds. The reduction of structural spaces in the crystal is the rst structural response under an applied pressure. Because the exible conformation of molecule, the changes of molecular conformation or the transformation of structure lead to the transitions of phase and the formation of denser packed materials under higher pressure. The crystals NTO and NTO/ TZTN exist in space groups of P2 1 /c, and space group of P2 1 /n for TZTN crystal. The molecules per unit cell are irreducible by the number of 4, 4, and 8 (4 for NTO and 4 for TZTN) in NTO, TZTN, and cocrystal NTO/TZTN, respectively. Fig. 2 described the relaxed lattice constants, compression rates, and unit cell volumes of cocrystal NTO/TZTN in the pressure range of 0-80 GPa. At 0 GPa, the experimental values are agreed with the calculated lattice constants. With the pressure increasing, the lattice constants (a, b, c) and unit cell volume (V) decrease gradually. c is easier to compress than a and b from 0 to 80 GPa, due to the enough external pressure, which is able to overcome Table 1 Comparison between relaxed lattice parameters of cocrystal NTO/TZTN and experimental data at ambient pressure
LDA/CA-PZ a The values in parentheses correspond to the percentage differences relative to the experimental data. Fig. 2 The description of lattice constants and unit cell volume of cocrystal NTO/TZTN under various pressures.
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the intermolecular repulsion along the crystallographic directions and leads the crystal structure shrinkable, which is in line with the experimental result that the cocrystal NTO/TZTN becomes more and more compact. 24 Resultantly, the unit cell volume shrinks slowly and accordingly the rise of cocrystal density and total energy is evident with the increase of pressure. [47] [48] [49] Intermolecular interaction becomes more and more strong as the molecules get closer with each other. Comparing to the crystallographic density (1.665 g cm À3 ), cocrystal density increased by around 99.76% and reached the biggest value under 80 GPa. 24 Knowingly, with the increasing of crystal density, the detonation velocity increases as well resulted from K-J empirical equations, 47 which are also shown that detonation pressure varies with the square of crystal density. The detonation velocity and pressure are improved remarkably when the cocrystal density increases to 2.022 g cm À3 at 4 GPa.
According to Fig. 2 , the ratio of total compression reaches 49.22% under the pressure range 0-80 GPa. The largest compression of unit cell takes place in the pressure region below 20 GPa. The compression ratio a at 4 GPa is anomalously smaller than that at 3 GPa, and increases abnormally again at 5 GPa. In the pressure range of 0-80 GPa, the compression ratios along three directions are not tantamount. The one in cdirection is signicantly greater than those in a-and b-directions in a sequence of c > b > a. At 30 GPa, the total compression ratios along three directions of a, b, and c are 6.09%, 14.07%, and 22.90%, respectively, which shows that cocrystal compressibility is anisotropic and the structure is much stiffer in a direction in comparison with those in b and c directions. Moreover, it is noticeable that the unit cell angle b decrease gradually under the pressure range 0-4 GPa. Comparing with that at 4 GPa, b is remarkably larger at 5 GPa, which matches well with the change of compression ratio, meanwhile introducing the suggestion that the large changes have taken place in crystalline form under the pressure of 4 GPa. The perspective view of the cocrystal NTO/TZTN with pressures is also demonstrated in Fig. 3 . With the structural transformations of cocrystal NTO/TZTN have rstly taken place under the pressure of 4 GPa, the large changes in the structures of cocrystal followed. during external compression, which is displayed in Fig. 3 . The formation of ve and eight membered rings have been observed for cocrystal NTO/TZTN under hydrostatic pressure. A new hydrogen bond forms between H and O (N) if the smallest and biggest distance are 1.5Å and 2.2Å, respectively. 50 To study the H-bond in detail, bond lengths and interatomic distance of N8/H5, O3/H5, N2/H4, N1/H1, and O1/H3 are selected under different pressures described in Fig. 4 . With the increasing of hydrostatic pressure from 0 to 80 GPa, the changes take place in the following two sections: the applied compression squeezes out the intermolecular space and causes the change of several hydrogen bonds in intramolecular geometry.
From Fig. 4 , aer 8 GPa, bond N6-H1 shorten gradually and the covalent interaction increases, which forms the eight membered ring with the H-bond N1/H1 (1.590-1.881Å). The length of intermolecular H-bond O1/H3 decreases obviously with increasing pressure. At 8 GPa, the H-bond O1/H3 transforms into covalent bond (1.494Å), which forms the eight membered ring between two NTO molecules. In addition, as the pressure augments further to 8 GPa, the intermolecular N2/H4 contact (1.492Å) has become more closer which leads to the transferring of hydrogen atom and formation of new covalent bond N2-H4. At 4 GPa, the hydrogen bond forms between O3 and H5 atoms (2.095Å), and a large change in molecular structure has taken place. The interaction force of H-bond O3/ H5 increase gradually with the pressure increasing to 80 GPa. When 23 GPa is applied, the other new hydrogen bond forms between N8 and H5 atoms (2.196Å), and the ve membered ring is built between NTO and TZTN, which leads to a larger conjugation system and makes cocrystal NTO/TZTN more stable as a whole. As the pressure increases, the formation of ve and eight membered rings signicantly improve the stability of cocrystal NTO/TZTN, which agree well with the resulted concluded from the structure determination.
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The calculations of crystal NTO 51 and TZTN 52 were carried out by DFT method at the same level in the pressure range of 0-80 GPa. For crystal NTO and TZTN, from 0 to 80 GPa, the applied compression basically reduces the intermolecular voids. There is no large change in the bond length (all less than 1.5Å), and transformation or fracture of chemical bond, which is different from the fact that three structural transformations occurred for cocrystal NTO/TZTN with the pressure of 4, 8, and 23 GPa.
3.2.2 QTAIM analysis. The QTAIM plays an important role in the course of study about the H-bond interactions in cocrystal NTO/TZTN, which described and demonstrated in Table 2 and connection toward the covalency of interaction. 53 At 0 GPa, the electronic density at N8/H5 is 0.009 a.u., which is greater than that at O3/H5 (0.005 a.u.). This is mainly because the shorter N8/H5 distance, which is comparable to the O3/H5 contacts observed in Table 2 . In addition, the H-bond energy of N8/H5 are about À7.88 kJ mol À1 larger than those of O3/H5 (À5.25 kJ mol À1 ). Therefore, the N8/H5 interaction is stronger than that of O3/H5. This is similar for the other pressures except 8 and 23 GPa. At 8 and 23 GPa, the distance of N8/H5 is larger than that of O3/H5. Thus, the formation of O3/H5 at 4 GPa and N8/H5 at 23 GPa in cocrystal NTO/TZTN are the medium strength H-bonds groups, on the basis of the classi-cations of Rozas et al., 54 and can be regarded as covalent interaction partially. O1/H3 and N4/H2 at 8 GPa belong to the strong strength H-bonds groups, which can be treated as covalent interaction. Fig. 6 displays the tendency about H-bond energies of cocrystal NTO/TZTN under different pressures. Obviously, O1/ H3, N2/H4, N8/H5, O3/H5, and N1/H1 have the largest and smallest H-bond energies at 80 GPa and 0 GPa, respectively, which indicates that the structural voids is reduced by the applied compression in cocrystal NTO/TZTN and causes the increase of the H-bond intermolecular interaction. To a certain degree, the applied compression contributes the improvement of cocrystal NTO/TZTN stability, which matches perfectly with the result from the analysis of bond length and interatomic distance. At the same pressure, N2/H4 has the biggest H-bond energies and N8/H5 has the smallest. The stability increases in the order of N8/H5 < O3/H5 < O1/H3 < N2/H4, which signify that the formation of covalent interaction (O1 and H3, N4 and H2) at 8 GPa increase thermal stability signicantly. 
Electronic structure
The variation trends of several bonds' atomic charges and bond populations [55] [56] [57] [58] with pressure to cocrystal NTO/TZTN are depicted by Fig. 7 . From 0 to 80 GPa, the positive charges on H1, H3, H4, and H5 decrease gradually, as same as the negative charges on N8, but increase on the negative charges of N6, N7, and N9. From 45 to 55 GPa, the atom charges, without signi-cant change, tend to be more delocalized. With the formation of ve membered rings at 23 GPa, the charge on H5 becomes less positive from 0.31 to 0.30e, and the charge on C2 becomes less negative from À0.34 to À0.30e. The atom N8 obtains amount of charges considerably from À0.26 to À0.28e. This means the transferring of the electron from C2 to N8. Due to the electron transfer, the bond C2-H5 becomes stronger because the bond order increases from 0.86 to 0.92, and the bond N8/H5 turns to be weaker for the bond order decreases. As a result, the ve membered rings in cocrystal NTO/TZTN are formed. Comparing with the formation of eight membered rings at 8 GPa, the atoms N9 and O1 lose a considerable amount of charges and become less negative from À0.51 to À0.49e and from À0.62 to À0.60e, respectively. The charge of H3 is unchanged. This means that the electron is transferred from the atoms N9 and O1 to the triazole rings. Under the same pressure, it has the biggest and smallest H-bond order for N2/H4 and N8/H5, respectively. The increase of stability, by the order, is N8/H5 < O3/H5 < O1/H3 < N2/H4, which agrees better with the result concluded from H-bond energies.
According to the equilibrium crystal structures under different pressures, the calculation on the self-consistent band structures along different symmetry directions of the Brillouin zone [59] [60] [61] has been pictured by Fig. 8 . For the sake of a visualized view, there is merely a presentation of range from À1.0 to 4.0 eV. From 0 to 80 GPa, the energy bands between 1.0 and 2.0 eV shi to the areas of lower energy. Below 4 GPa, the energy bands are at and uctuate little because cocrystal NTO/TZTN is a molecular crystal and the molecular interactions are weak. The energy bands become less at across the Brillouin zone, and the bandwidth increases remarkably with the pressure increases from 4 to 80 GPa. This indicate that molecular interactions increase caused by the applied pressure. Important changes in the electronic properties can be obtained on the basis of the transformation in cocrystal NTO/TZTN at 8 and 23 GPa. As is shown, the energy bands get to a higher energy region, which means much wider on the conduction bands and much narrower on the valence bands than that in lower pressures. Fig. 9 displays the band gaps of cocrystal NTO/TZTN under different pressures. With the pressure ranging from 0 to 80 GPa, illustrated by Fig. 9 , the band gap shows continuous reduction. From 0 to 7 GPa, the decrease in band gaps causes the reduction of maximum energy in comparison with the high pressure region, which shows that a slight variation takes place in the electronic structure even though no evident change in molecular geometry. With the gradual increase of pressure from 0 to 7 GPa, the band gaps decrease suddenly and rapidly from 1.329 to 0.992 eV. Cocrystal NTO/TZTN transfers from the semiconductor to the metallic system under compression, which indicates that the electrons are more easily to transfer from occupied valence bands to empty conduction bands. From 8 to 35 GPa, the reduction of the band gap is in a slow way, because no obvious change occurred during the electron transitions from the occupied valence bands to the empty conduction bands. Aer 35 GPa, the band gap reduces signicantly, which means that the electron is still more likely to transfer from occupied valence bands to empty conduction bands. The reduction tendency of band gap is related to the decrease in intermolecular space, which causes an increase of electron overlap between molecules in cocrystal NTO/TZTN under compression. To a certain extent, based on the principle of the easiest transition of electrons, 62, 63 with the pressure increasing, the decreasing gap reduces to the increasing sensitivity.
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For a better understanding on the bond nature and electronic structure of cocrystal NTO/TZTN under different pressures, we conduct the investigation about the total density of states (DOS) and partial density of states (PDOS). 66 The calculation of DOS for cocrystal NTO/TZTN under different pressures is illustrated by Fig. 10 . According to Fig. 10 , the curves of DOS have sharp peaks under low pressure, while the peaks become wider under higher pressure. The electrons demonstrate better mobility and moving freedom between the valence and conduction bands, hence, the cocrystal NTO/TZTN turns into metal under high pressure. That the conduction bands shi to the lower energy, not only reduces the band gap but also conclude a result that the probability of electronic excitations are augmented by crystal compression. Besides, electronic delocalization in cocrystal NTO/TZTN steadily increases. Because of some broadening effect in DOS curves, they are conned at the Fermi energy level. From À10 eV to the Fermi level, the p states are the dominating feature in the sharp peaks of valence and conduction band within the area of low or high pressure, which indicates p states play an irreplaceable role in terms of effect on the chemical reaction of cocrystal NTO/TZTN. At 4 and 8 GPa, it is noticeable that the DOS turns the double peaks into single peaks between À3.40 and À2.00 eV with the formation of H-bond O3/H5 and covalent bond O1-H3, N2-H4, respectively. The formation of H-bond N8/H5 caused that the DOS at 23 GPa are quite different from that at 0 GPa, which matches well with the results concluded from molecular structure section. Fig. 11 describes the calculation of PDOS of the N8, H5, O1, and H3 atoms at 8, 23, and 60 GPa. Under different pressures, the existence of good interactions is obvious between N8 and H5 atoms, particularly in the energy range from À13.29 to À0.92 eV, where the peaks tendency are in common with each other. At 8 GPa, a strong peak of the N8 atom appears at À4.35 eV, while H5 atom shows the feature of weakness here. However, at 23 GPa, a strong peak appears at À4.64 eV for both N8 and H5 atoms. The main reason is that the N8 and H5 atoms are independent at 8 GPa but form a H-bond N8/H5 at 23 GPa, which is in agreement with the analysis of molecular structure. Furthermore, at 8 GPa, the shape of the peaks are even very alike between O1 and H3 atoms from À12.27 to À7.13 eV, which is attribute to the formation of covalent bond and the eight membered ring between two NTO molecules. Eventually, at 8 and 23 GPa, the upper valence bands and the lower conduction bands are predominated by the N, C states in skeleton rings, O states linked to the triazole rings and N states in nitro groups, respectively, which indicate that C and N atoms in skeleton rings, O atoms linked to the triazole rings, and N atoms in nitro groups act as the active center.
Conclusions
In this work, the effect of high pressure on the geometrical and electronic structures of cocrystal NTO/TZTN has been explored by the periodic rst-principle calculations under hydrostatic pressure of 0-80 GPa. The GGA/PW91-OBS method has been employed in the present study. The optimized crystal structure by the GGA/PW91-OBS method at ambient pressure, matches better with the experimental constants in comparison with the other functionals. At 4, 8, and 23 GPa, molecular structure transforms due to the induced pressure. The stability of cocrystal system has been remarkably improved by the formation of ve and eight membered rings during external compression. At 4 GPa, the hydrogen bond forms between O3 and H5 atoms, and the interaction force increases gradually with the pressure increasing to 80 GPa. At 8 GPa, the transformation from H-bond O1/H3 to covalent bond contributes to the formation of the eight membered ring. Furthermore, a new covalent bond forms between N2 and H4 atoms. Aer 8 GPa, the covalent interaction of bond N6-H1 increases, which forms the eight membered ring with the H-bond N1/H1 between two NTO molecules. When 23 GPa is applied, the formation of H-bond N8/H5 leads to the build of the ve membered ring between NTO and TZTN. From the study of H-bond energies, aer 8 GPa, the covalent interaction between O1 and H3 atoms, N4 and H2 atoms, intensies the thermal stability of cocrystal system signicantly. With the growing increase of pressure, the energy bands show uctuation across the Brillouin zone, while the bandwidth augments obviously. From 0 to 80 GPa, the reduction of band gap is connected with the decrease in intermolecular space, which makes the electron overlap increasing between molecules in cocrystal NTO/TZTN. The probability of electronic excitations are increased by the crystal compression, which has been proved by the analysis of density of states. The p state is the main character in the sharp peaks of valence and conduction band from À10 eV to the Fermi level. Basic information is provided by these results for the high pressure behavior of cocrystal NTO/TZTN.
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